In the oil and gas drilling engineering, measurement-while-drilling (MWD) system is usually used to provide real-time monitoring of the position and orientation of the bottom hole. Particularly in the rotary steerable drilling technology and application, it is a challenge to measure the spatial attitude of the bottom drillstring accurately in real time while the drillstring is rotating. A set of "strap-down" measurement system was developed in this paper. The triaxial accelerometer and triaxial fluxgate were installed near the bit, and real-time inclination and azimuth can be measured while the drillstring is rotating. Furthermore, the mathematical model of the continuous measurement was established during drilling. The real-time signals of the accelerometer and the fluxgate sensors are processed and analyzed in a time window, and the movement patterns of the drilling bit will be observed, such as stationary, uniform rotation, and stick-slip. Different signal processing methods will be used for different movement patterns. Additionally, a scientific approach was put forward to improve the solver accuracy benefit from the use of stick-slip vibration phenomenon. We also developed the Kalman filter (KF) to improve the solver accuracy. The actual measurement data through drilling process verify that the algorithm proposed in this paper is reliable and effective and the dynamic measurement errors of inclination and azimuth are effectively reduced.
Introduction
Directional drilling is the technology for directing a wellbore along a predefined trajectory, which is essential for many reasons, such as side tracking of an existing well, drilling multiple wells from the same offshore platform, multilateral drilling, and horizontal drilling. This dramatically reduces the cost and time of drilling operations. Thus, the development of directional drilling technologies has gained more attention in recent years. Besides the conventional drilling assembly, directional drilling operations require position sensors to provide estimations of the inclination (deviation from the vertical direction) and azimuth (deviation from the north direction in the horizontal plane) [1, 2] . These sensors are part of the MWD tool, which is installed several feet behind the drill bit to monitor all physical parameters that affect the drilling operation.
Current MWD survey is performed along the well path at stationary survey stations. That is to say, the bottom drillstring attitude (inclination and azimuth) measurement is carried out in the case that the drillstring does not rotate. But with the development of drilling technology, continuous measurement of well trajectory becomes increasingly important. It also has become essential in rotary steerable system (RSS).
As a booming technology catering the 21st century, rotary steerable drilling features extended the reach capacity, well trajectory control accuracy and flexibility, which can notably increase drilling efficiency and safety [3] [4] [5] [6] . One of the technical difficulties in the rotary steerable drilling system is how to dynamically measure the spatial attitude accurately at the bottom rotating drillstring. The regular wellbore position calculations are typically performed by measuring azimuth and inclination with the MWD system in a stationary mode (the drillstring nonrotating). However, the attitude of the bottom rotating drilling tool should be obtained in real time in both the RSS and automatic vertical drilling system. In this paper, we developed the methods of dynamic solving of azimuth and inclination when drillstring is rotating based on theoretical analysis and real data of the field test, with regard to the drillstring state of motion. The achievement can improve the attitude solving accuracy of bottom rotating drillstring and the trajectory guidance capability in automatic vertical or rotary steerable drilling.
Mahmoud et al. [7] , Noureldin et al. [8] , and Pecht and Mintchev [9] studied the continuous MWD under laboratory conditions using gyroscope-based system and proposed an advanced direction and inclination sensor package based on the inertial navigation system (INS). They verified the reliability of the algorithm, through simulation, which used INS to achieve the continuous MWD with high accuracy. They analyzed the influences of vibration and temperature upon MWD and used KF to improve the system accuracy. However, they insufficiently considered about the downhole complex situations [10] [11] [12] . The severe vibration of drillstring causes great challenges for the measurement accuracy and lifetime of the sensors, which will greatly affect the life of the gyroscope. Moreover, the increasing temperature will give high-rise to the error drift of the gyroscope.
Actually, in the control process, assume that the measured values under stationary state remain unchanged during drilling, and could still achieve the closed-loop control of rotary steerable. However, the disadvantage is obvious. Figure 1 shows that the actual trajectory of drilling fluctuates with the design trajectory. This phenomenon cannot be avoided because of the hysteresis of 1 stationary surveying. Continuous MWD surveying system should be developed but the vibration noises are unavoidable while the drillstring is rotating. Bottom drilling tool shows complex characteristics while rotating, which include vertical vibration, horizontal vibration, eddy, sticky slip, and their combined effects.
With the development needs of rotary steerable drilling technology, this paper studied the dynamic measurement of spatial attitude at the bottom rotating drillstring. Based on the theoretical analysis and verification of field data measurement during drilling, a new algorithm was proposed through the state of motion analysis. The downhole measurement signal processing methods and the algorithm of dynamic solving of spatial attitude were developed. Initially, a theoretical system of dynamic solving was established, which laid theoretical and technical foundation for the continuous MWD and RSSs development.
Systems Solutions
We developed a strap-down rotary steerable drilling system [13] that mainly included two parts: strap-down stabilized platform (1) and oriented actuator (2) (as shown in Fig. 2 ). The stabilized platform is composed of measurement and control section (5), power section (4), and servo section (6) . Measurement section is equipped with triaxial accelerometer and triaxial fluxgate. Power section consists of turbo generator principally, which is driven by drilling fluid to generate power. For RSS, which is a new form of drilling technology used in directional drilling in the oil and gas industry, the whole drillstring is rotated from the surface by a hydraulically driven top drive (typically). It uses pads on the outside of the tool which press against the well bore thereby causing the bit to press on the opposite side to cause a direction change. RSS technique has become increasingly important for an extended reach on horizontal and 3D wells. The pads of the RSS were periodically pushed in a fixed position against the borehole wall in the process of drillstring rotating. This is the main difference between RSS and conventional drilling. Frictional force between the pads and borehole wall will make the drill bit instantaneous rotational speed reducing.
The surveying tools are installed inside nonmagnetic drill collars, which are usually designed from Monel metal to avoid external interferences with the measurements taken by the magneticbased surveying tools. In the measurement section, as shown in Fig. 2 , A x , A y , and A z are defined as survey signals of triaxial accelerometers on the xyz axis, respectively. B x , B y , and B z are defined as survey signals of triaxial magnetometers on the xyz axis, respectively. Assume the Earth's magnetic field strength as
Under certain sample frequency (100 Hz), measuring signals are time series and can be expressed as time function. Assume the acceleration of gravity as G total . G x , G y , and G z are defined as survey signals of gravity acceleration on the xyz axis, respectively, as follows:
The survey signals of triaxial accelerometers include not only the acceleration of gravity but also the acceleration of drillstring vibration. Unlike the conventional MWD, the inclination and azimuth should be solved dynamically when the drillstring is rotating in the RSS. Accelerometers are hypersensitive to vibration, so the violent vibration of bottom hole assembly leads the measured signals to submerge into noise signals. In a control process, valve's position is set by motor output torque which is controlled by the current density change in control circuit, and the friction resistance on the valves is uncertain due to the changing properties of drilling fluid, so the motor load is changed all the time, and this is a great challenge on establishment and accuracy of control algorithm as well. All of these difficulties need to be coped with in realistic experiments.
Methods

Stationary
Surveying. The present MWD surveying systems incorporate three-axis magnetometers and three-axis accelerometers arranged in three mutually orthogonal directions [14] [15] [16] . The magnetic surveying tools are installed inside the nonmagnetic drill collars. Noureldin [17] proposed that the nonmagnetic drill collar is too expensive and developed the technology of fiber optic gyroscopes (FOGs), which has been suggested for MWD surveying of the directional wells [18, 19] . But gyroscope's reliability is a problem, say the least, the FOG system also needs accelerometer, utilizing stick-slip vibration method in this paper is equally applicable to this system. This paper focuses on the magnetic surveying tools which have a wider range of applications.
Theoretically, in measuring subsystem it is enough to have only three accelerometers and three fluxgate sensors that were installed in the instrument coordinate system, which additionally requires a temperature sensor and an angular rate gyroscope. In fact, we designed a redundancy scheme in order to effectively improve the system reliability. Define toolface as u G , inclination as h, and azimuth as w. Regarding the static algorithm, there are several different formulas, basically they are the same on the principle 
where B H ¼ B cos / is the horizontal component of the earth's magnetic field and B V ¼ B sin / is the vertical component of the earth's magnetic field (/ is the local magnetic inclination angle). Then, the toolface, inclination, and azimuth will be obtained Transactions of the ASME DiPersio and Cobern [20] gave the following calculation formulas from another perspective. They provide useful inclination and azimuth equations, which can be computed with the axial accelerometer and magnetometer readings. The azimuth can be obtained as follows:
3.2 Dynamic Algorithm for Uniform Rotary (DAU). When the drillstring rotated, the equations mentioned above were no longer applicable. The sensors are installed in the center of the drillstring and the measurement signals of x and y axes will exhibit a sine wave during rotation, as shown in Fig. 3 .
For Eqs. (4) and (5), integration throughout the cycle for magnetic toolface angle can be obtained by the continuous formula under rotation condition. Computational formulas of deflection h r and azimuth w r are given as follows:
wherein T M is magnetic toolface angle, defined as T M ¼ tg À1 ðÀB y =B x Þ. This algorithm is theoretically to calculate the borehole inclination and azimuth while the drillstring is rotating. We defined this algorithm as "DAU" method.
Dynamic Algorithm for Stick-Slip Motion (DAS).
In the actual drilling process, the drillstring will appear as torsional vibration and stick-slip phenomenon but not always presents uniform rotating [21] . As shown in Fig. 4(a) , by extracting a period of underground data, the rotary table speed is maintained at 100 r/min, the drill bit speed has fluctuated between 0 and 200 r/min, and the stick-slip phenomenon is very critical. In this situation, the theoretical models based on the drillstring uniform rotating will not be practicable.
We first analyzed the movement of the drillstring, actually to figure out how often the stick-slip phenomenon emerges throughout the drilling process. The RSS we have developed has conducted a number of field tests [13] , the measurement data show that the stick-slip vibration will frequently occur in drilling. We randomly selected the speed data of 2 hrs utilizing the reservoir sampling principle [22] and estimated the overall characteristics from the characteristics of the sample. First, select the top of data points of 1 hr; suppose there are k data points; from the k þ 1 data point to the last data point is reached; Select the ith data point in the probability of 1/i (i ¼ k þ 1, k þ 2,…,N), and randomly replace a previously selected elements. This traversal time can guarantee data points of 1 hr to be completely randomly selected. As shown in Fig. 4(b) , speed at vicinity of zero represents the emergence of stick-slip. Stick-slip vibration is always existent throughout the drilling process, so the application of the stick-slip vibration method to improve the measurement accuracy is feasible.
Utilizing Stick-Slip Vibration to Improve Measurement
Accuracy. Dynamic solution approach to the bottom of the rotating drillstring attitude was shown in Fig. 5 . When the drillstring is not rotating, filtered real-time signals on the three-axis were all used for calculation, and at the same time, filtered signals on xand y-axis were stored in the memory block. When the drillstring is rotating, real-time filtered signals on z-axis and stored signals of x-and y-axis with nonrotating drillstring were adopted for solving the inclination and azimuth. In addition, when the bottom drillstring appears in the stick-slip vibration, the stick of the downhole drilling tool can be regarded as a nonrotating "stationary" state. Real-time judgment method of drillstring rotation state was proposed based on the downhole survey data.
The standard deviation statistical methods can be used to determine the drillstring movement, since it reflects the degree of dispersion among the individuals within the group. Using 50 data points as a time window, defined as the time series x 1 ; x 2 ; …; x 49 ; x 50 , the average value is u, then
The standard deviation r can be obtained
wherein N ¼ 50.
KF Approach.
KF is an optimal recursive dataprocessing algorithm. It is optimal in the sense that it uses all available information to minimize the errors in the state variables of a given system. It is recursive, because it does not require all previous data to be kept in storage. It is also a data-processing algorithm since it is not an electrical filter, but rather a computer program [23] . In order to implement a discrete KF, the error models have to be given in state-space form
Equation (11) is called the dynamics equation and Eq. (12) is the observation or update equation [24] . Here, x k is the process state vector, F k,kÀl is a square matrix relating x k to x kÀ1 being called the state transition matrix, and w kÀ1 is a random function considered the white noise with G kÀ1 as its coefficient vector. In Eq. (12), y k is the measurement vector at the kth moment, H k is the design matrix giving the ideal noiseless relationship between the observations vector and the state vector, and v k is the observation random noise. It is assumed that v k has no correlation with w kÀ1 . The KF model used in this paper is shown in Fig. 6 .
When toolface is defined as u G , inclination as h, and azimuth as w, transformation matrix R n b can be defined as follows:
Assuming that G b ¼ ½G x G y G z T , the rotary speed is defined as x x , x y , x z on the xyz axis, respectively, x b ib ¼ ½x x x y x z T . Then, the rotary angle will be obtained
Using quaternion Q ¼ ½q 1 q 2 q 3 q 4 T to express the coordinate system transformation, then R n b can be redefined as follows: Transactions of the ASME Then, the dynamics equation in the inclination and azimuth solving will be obtained 
When the drillstring appears torsional or stick-slip vibration in the actual drilling process, we use the algorithm defined as "DAS" method.
Results
Simulation Result.
A program was developed with the DAU method using MATLAB software, assuming that drillstring continuously rotates with a constant speed and be located at a particular borehole inclination and azimuth. The measurement signals were simulated and were added to the triaxial accelerometer signals with signal-to-noise ratio of 20 dB, 5 dB, and 1 dB white Gaussian noise, to the three-axis fluxgate signals with signal-tonoise ratio of 30 dB white Gaussian noise (due to the actual drilling process, fluxgate signals are less affected by the vibration of the drillstring).
Continuous change in the values of inclination and azimuth and the error under different inclinations and azimuths are observed. Simulation results are shown in Fig. 7 , the theoretical models can be verified entirely feasible when the drillstring uniform is rotating.
Laboratory Experiment.
We have done the experimental study using the DAS method. Put the entire system to the laboratory bench (Fig. 8(a) ) for testing the accuracy of the measuring system. Figures 8(b) and 8(c) show the accelerometer (x, y, and z axes) and fluxgate (x, y, and z axes) measurement data. It can be seen that the accelerometer measurement noises are larger than fluxgate measurement signals relatively. The main reason is that accelerometers are hypersensitive to the drillstring vibrations.
Finally, when the experimental equipment is at the inclination of 5 deg, the test results are shown in Table 1 .
Through laboratory tests, the theoretical models can be verified entirely feasible when the drillstring is rotating. Simulation and experiments collectively show that the dynamic solver methods in this paper can meet the engineering requirements. Fig. 7 show that the final solver results are seriously interfered by the noise signals. Furthermore, the measurement signals in the practice drilling engineering subject to interference are much larger than that in the simulation. We have adopted low-pass filter and moving average filter for noise reduction. Accelerometer signal of z-axis is also subjected to the influence of drillstring vibration that was smaller relatively. We used moving average filter for further processing, as shown in Eq. (17)
Field Data Analysis. The simulation results in
We also used the finite impulse response (FIR) filter elimination for signal-to-noise. Noise signals of fluxgate have been considered to be high-frequency component since it is not affected by vibration.
Assuming that an FIR filter has length of M, the input is xðnÞ, output is yðnÞ, yðnÞ can be described by the differential equation
where b k are the filter coefficients. It can also be used for system function characterization
After the preprocessing, we use the DAS method for dynamic measurement of spatial attitude at bottom rotating drillstring. We set a time window to judge the state of motion of the drillstring in real time.
As shown in Fig. 9 , using the DAU method, inclination and azimuth show great fluctuations when the drillstring is rotating. Whereas the fluctuations are significantly smaller when momentarily at rest, this prompts us to seek a new way such as DAS Fig. 9 The solving results of DAU method (inclination and azimuth show great fluctuations when the drilling string is rotating, whereas the fluctuations are significantly smaller when momentarily at rest) method using the measurement signals when the drillstring is momentarily at rest to improve the accuracy of the whole process. Time series is used to, as shown in Fig. 9 , calculate the inclination and azimuth every 10 s. When the drillstring appears as torsional vibration and stick-slip phenomenon, we playback the measurement signals as shown in Fig. 10 . In the sticky area, fluxgate signals maintain at a fixed value, accelerometer signals show some fluctuations but much smaller than the performance when the drillstring is rotating. Through the installation structure of measurement system, it can be inferred that the y-axis signal and the x-axis are similar except the phase difference of 90 deg. Obviously, accelerometer signals should also be presented in the sine wave like fluxgate signals when the drillstring is rotating, if there is no vibration noise.
The solving results of inclination and azimuth are shown in Fig. 11 , our algorithm of DAS with KF approach could effectively enhance the measurement precision and deduce the effect of vibration to resolve results.
Conclusions
In the oil and gas drilling engineering, MWD system is usually used to provide real-time monitoring of the position and orientation of the bottom hole. Particularly in the rotary steerable drilling technology and application, it is a challenge to measure the spatial attitude of the bottom drillstring accurately in real time while the drillstring is rotating. The regular wellbore position calculations are typically performed by measuring azimuth and inclination with the MWD system in a stationary mode (the drillstring nonrotating). However, the attitude of the bottom rotating drilling tool should be obtained in real time in both RSS and automatic vertical drilling system.
The drillstring vibration seriously affected the accuracy of dynamic solving. Through statistical analysis of field measurement data, we found that the stick-slip phenomenon is always existent throughout the drilling process, so the application of the stick-slip vibration method to improve the measurement accuracy is feasible. A dynamic algorithm was developed using the stick-slip state and KF. It can improve the accuracy of bottom drillstring inclination and azimuth solving. All the results of simulation, experimental, and field test show that the algorithms developed in this paper have good practicability.
Although magnetic-based surveying system is classical in the MWD, we will also use this system to achieve continuous measurements relying on the software algorithms. With the developing needs of rotary steerable drilling technology, this paper studies the dynamic measurement of spatial attitude at the bottom rotating drillstring. Based on the theoretical analysis and verification of field data MWD, we propose a new algorithm through the state of motion analysis and develop the downhole measurement signal processing methods and the algorithm of dynamic solving of spatial attitude at the bottom rotating drillstring. Initially, a theoretical system of dynamic solving was established and laid the theoretical and technical foundation for the continuous MWD and RSS development. 
